The morphology evolution of two systems of partially immiscible polymers, differing in miscibility, is investigated by means of rheological experiments and optical microscopy. For each system, two concentrations, 10% and 20%, are used. For immiscible systems, a hysteresis zone, defined by coalescence and breakup, exists where the average drop radius is not a unique function of the shear rate. We investigate whether the findings also apply to partially immiscible polymers. The average radii at different shear rates, measured with rheology, are compared to model predictions. The hysteresis zone, if present, is indeed affected by the polymeric system, the concentration and the flow history applied. Coalescence evolution is measured for three different step-downs in shear rate. For both 10% systems, the resulting average radii show a rather high scattering and do not match the theoretical predictions. For the 20% concentrations, the average experimental drop sizes seem independent of the magnitude of the step-down, at least during a certain period of time. Thereafter, it experiences a sudden, in the time scale of the experiments unbounded, increase in size that is more pronounced for the higher step-downs. Deviations of the experimental data from theoretical predictions are attributed to the partially immiscible character of the systems, yielding enhanced coalescence which, in turn, can induce confinement effects.
Introduction
The steady-state morphology of blends obtained by mixing immiscible polymers has been found to be a unique function of the flow history applied, while preparing and processing the blend, and it is considered as the result of a dynamic equilibrium between two competing phenomena: breakup and coalescence (Takahashi et al. 1994; Vinckier et al. 1996) . Both processes are determined by two dimensionless numbers: the capillary number Ca = η mγ R/σ , with η m the viscosity of the matrix phase,γ the shear rate, R the drop radius, and σ the interfacial tension of the polymer pairs, and the viscosity ratio p = η d /η m , where η d is the viscosity of the dispersed phase. Grace (1982) devoted his life to determine how the critical capillary number, defined as the capillary number at which breakup of a single drop occurs, depends on the viscosity ratio, defining in shear and extensional flows the limiting condition for breakup to occur. Concerning the flowdriven coalescence limit for two droplets, Chesters (1991) proposed a probability of coalescence based on the interaction time during the collision of drops and the time needed to drain the matrix film trapped between them. Based on the mobility of the interface (fully mobile, partially mobile, and immobile), three different expressions to, for a given shear rate, calculate the maximum radius, above which coalescence does not occur anymore, were proposed. An overview of the physics behind breakup and coalescence is reported by Grmela et al. (2001) . Also, some experimental studies on the effects of simple shear flow on the morphology evolution in immiscible polymer blends have been carried out. Elmendorp (1986) showed that the equilibrium between breakup and coalescence can be reached only for shear rates higher than the critical one, which is defined as the shear rate at which the theoretical limiting curves for breakup and coalescence cross. Grizzuti and Bifulco (1997) , Vinckier et al. (1998) , and Minale et al. (1997 Minale et al. ( , 1998 showed, by means of rheological experiments and optical microscopy (OM), that the steady-state morphology is reached only after a certain critical shearing time. However, Janssen and Meijer (1995) reported that flow conditions might exist in which more that one morphology is possible. For shear rates lower than the critical one, the dynamic equilibrium between breakup and coalescence cannot be obtained, or, at least, it cannot be reached in a reasonable shearing time. In that case, there exists a pseudoequilibrium zone, in which the morphology depends on the initial conditions and neither breakup nor coalescence occurs. Minale et al. (1997) demonstrated the existence of this hysteresis zone with a model blend at fixed concentration, and they showed that, when the average drop radius in the blend is larger than the one predicted by coalescence limits and lower than the breakup model prediction at the same experimental shear rate, multiple steady-state morphologies, or pseudo steady-state morphologies, are reached. The final morphology was shown not only to depend on the characteristics of the blend components and history of flow but also on the initial conditions. The effects of viscosity ratio and concentration of the blend have been studied by Minale et al. (1998) for the same model system. They showed that the hysteresis region shifts to smaller shear rates and narrows with increasing the concentration of the dispersed phase. Apart from the aforementioned studies, several others can be found in the literature, all concerning the coalescence in immiscible polymer blends (Elmendorp and van der Vegt 1986; Fortelny and Kovar 1988; Rusu and PeuvrelDisdier 1999; Verdier and Brizard 2002) .
In this study, we investigate the occurrence of a hysteresis zone and the flow-driven coalescence behavior for two partially immiscible polymer systems, having different diffusivity. The effect of the flow history applied, initial conditions, and concentration of the blends are investigated by means of rheological measurements and OM. The measured morphology evolution is compared to theories available in literature for breakup and coalescence. The use of dynamic measurements as an experimental morphology probing method is critically reexamined.
Materials and methods

Materials
The blends investigated are prepared using as disperse phase polybutene (PB, Indopol H-25, BP Chemicals, UK) and polybutadiene (PBD, Ricon 134, Sartomer) respectively, while polydimethylsiloxane (PDMS, UCT) is chosen as continuous phase. These three materials are liquid and transparent at room temperature, and they exhibit almost matched refractive indices, leading to a limited turbidity of the blends, which allows rheooptical experiments. The densities (ρ) of the materials are measured at 23
• C by means of a digital density meter (DMA 5000, Anton Paar) and, due to the small differences in the density values of the dispersed and continuous phases, buoyancy effects can be neglected given the time scale of the experiments. Zero shear viscosities (η) are measured at 23
• C using a rotational rheometer (Rheometrics, ARES) equipped with a parallel plate geometry and applying steady shear rates. The viscosity of the pure components is independent of shear rate in the whole range of shear rates applied. In addition, the first normal stress difference is too small to be measured with our equipment. The steady interfacial tensions (σ ) are measured at room temperature by means of a pendent drop apparatus (PAT-1, Profile Analysis Tensiometer, Sinterface, Germany). The average molecular weight (M n ), densities and viscosities of the phases and the interfacial tensions of the two polymer pairs at room temperature are shown in Table 1 . Two different concentrations (10% and 20% mass fraction of PB and PBD, respectively) are investigated and mixing is performed following the protocol proposed by Takahashi et al. (1994) and Vinckier et al. (1996) .
Experimental methods
To erase influence of preparation and loading, all systems are preconditioned at the beginning of each experiment by shearing them for a time sufficiently long to obtain a steady state morphology. The total minimum strain required is determined in advance, using transient stress relaxation tests that are suitable for this purpose given their sensibility to the initial morphology (Takahashi et al. 1994 ). For our systems, the strain required is found to be between 2,500 and 3,000. In all experiments, we used a stress-controlled rheometer (Rheometrics DSR) equipped with a cone and plate geometry (cone diameter 40 mm and cone angle 0.04 rad) and a Peltier element to control the temperature, set to 23 • C, with an accuracy of ±0.1 • C. After preshearing, the flow is stopped and oscillatory tests are performed to obtain the elastic modulus at frequencies varying from 0.1 to 100 rad/s. Subsequently, a new steady shear, at a different shear rate, is applied. Experiments are carried out with both increasing and decreasing shear rates. In the case where shear rates are decreased, drops coalesce and, therefore, the average radii measured in this way are expected to follow the predictions from coalescence theory. In the opposite case, breakup dominates and results are compared to the breakup predictions. When investigating the effect on coalescence of different step-downs in shear rate, the sample is first preconditioned at an initial shear rate of 8s −1 for 1,250 s (≈10,000 strain units). Next, the desired step-down in the shear rate is applied, whereafter the flow is stopped at different time intervals from the step-down to perform the dynamic tests that ultimately yield the average drop radii. Indeed, a small strain oscillatory flow does not affect the morphology (Graebling et al. 1993 (Graebling et al. , 1994 Gramespacher and Meissner 1992; Vinckier et al. 1996) . OM is performed in order to interpret some of the results and to check the actual drop size.
Morphology probing using dynamic measurements
For the pure components, the value of storage modulus G is zero. The blends show a typical linear viscoelastic behavior, with a non-zero G , even at the smallest concentrations investigated. Figure 1 , left, shows the elastic moduli of the blend measured upon cessation of the flow, after preshearing at a shear rate of 2 and 0.1s
for 3,000 strain units, respectively, showing a shoulder at low frequencies, that accounts for a relaxation process that is due to a perturbation of the shape of the dispersed droplets during the oscillatory flow. Different preshear rates result in different morphologies yielding different elastic moduli. Lowering the preshear rate makes the shoulder move to lower frequencies, indicating that larger droplets form at these lower shear rates.
To find the average drop diameter in the blend from dynamic measurements, the continuous relaxation spectrum is calculated from the dynamic moduli using a nonlinear regression program (Honerkamp and Weese 1993) ; see Fig. 1 , right. The initial part of the spectra is identical and it reflects the contribution of the pure components. We are interested in the relaxation time τ corresponding to the peak, which is characteristic for drop relaxation. The average droplet size R can be calculated from this relaxation τ using an approximate equation derived from the emulsion model of Palierne (1990) :
where p is the viscosity ratio ( p = η d /η m , with η d as the viscosity of the dispersed phase and η m as the viscosity of the continuous phase), φ is the volume fraction, and σ is the interfacial tension. Although the value of τ can be directly obtained from the relaxation spectrum, Fig. 1 Storage moduli (left), relaxation spectra and weighted relaxation spectra (inset plot) (right) upon cessation of flow after shearing atγ = 2s −1 andγ = 0.1s −1 for 3,000 strain units for a 10-wt.% PB in PDMS blend as the time at which H(τ ) reaches the maximum, a different approach was proposed by Gramespacher and Meissner (1992) . They suggested to plot the weighted time relaxation spectrum, τ * H(τ ) vs τ and to use the time at which this curve reaches the maximum as the relaxation time of the drops. The use of the first moment of the relaxation spectrum amplifies the contribution of slower processes, thus enhancing effects of the interfacial relaxation process. The inset plot in Fig. 1 , right, shows the weighted relaxation spectra at the two shear rates considered. In both procedures, a longer relaxation time and a lower maximum is found for the lower shear rate. While the relaxation time is linked to the average size of the inclusions, the magnitude of the maximum in the relaxation spectrum, as well as in the weighted relaxation spectrum, contains information on the amount of interfacial area. Decreasing the shear rate, coalescence is promoted and, due to the constant fraction of dispersed phase, the morphology evolution will lead to less and larger drops, which require longer times to relax; see Eq. 1. Fewer large drops imply, on the other hand, less interfacial area, which reduces the magnitude of the maximum; see Fig. 1 , right. Figure 2 shows the average droplet radii for the 10% PB/PDMS blend calculated using Eq. 1 with the relaxation time retrieved from the time relaxation spectra and from the weighted time relaxation spectra, respectively. Experiments are performed while decreasing the preshear rate. Clearly, both procedures give similar results (within experimental error), indicating that the average radii obtained are a good indication of the blend morphology. However, we experienced that, for the weighted relaxation spectra, the ampli- fication of the slow relaxation phenomena was often more clearly present, which makes the analysis more precise. Therefore, this procedure is used. Vinckier et al. (1996) proposed a further improved approach, based on the assumption that the contribution of the different relaxation processes involved are additive. The time relaxation spectra of the pure components, weighted by their volume fraction, were subtracted from the blend time relaxation spectrum, influencing the position of the maximum in H(τ ) and, therefore, the predicted average radius. However, since, in our cases, the relaxation of the pure components is much faster than that of the interface, these corrections will not have to be used here.
Hysteresis zone
Theories to probe morphological hysteresis
The morphology resulting from dynamic experiments is compared to breakup and coalescence theories. At a fixed shear rate, the flow is able to breakup drops with sizes above a critical value, whereas drops with smaller radii will collide and eventually coalesce. Grace (1982) experimentally found the critical size of a droplet, for a fixed shear rate, above which breakup occurs and below which coalescence dominates. Based on Grace's experimental results, Bruijn (1989) suggested a fitted curve:
where p cr = 4.08 is the viscosity ratio above which breakup is not possible anymore, at least in a start-up shear flow,γ is the shear rate, and R is the average drop radius in the blend. Theories and numerical models support the experimental data (Jackson and Tucker 2003; Taylor 1932; Yu et al. 2002 Yu et al. , 2005 . Also, the coalescence process has been modeled and different mobilities of the sharp interfaces (from mobile to partially mobile and fully immobile) are distinct, greatly influencing the drainage rate. Also, the more physical diffuse interfaces have obtained a lot of attention (via diffuse interface modeling), and while, for breakup, excellent results are obtained, the spatial resolution of the mesh makes coalescence events occur too fast (Anderson et al. 1998; Cahn and Hilliard 1958, 1965 ). The drainage model for sharp interfaces is chosen here.
The maximum radius below which coalescence occurs is estimated for the case of a immobile interface (IM) and partially mobile interface (PM) (Chesters 1991) :
where h cr is the critical film thickness. The maximum drop radius above which coalescence does not occur is a function of the coalescence conditions, the viscosity ratio p, and the interfacial tension. In the original paper of Mackay and Mason (1963) , the drainage time refers to a droplet coalescing on a flat surface while, in our experiments, coalescence occurs between two droplets. To account for that, Eq. 3 is corrected by a factor 4. The main difficulty is to find an adequate value for the critical film thickness of the matrix trapped between two coalescing drops, h cr . A possibility is to calculated this parameter, e.g., using the formulation suggested by Chesters (1991) :
where A is the Hamaker constant. Since theories are derived for isolated pairs of droplets, while we are dealing with concentrated blends, some authors choose to use the h cr as an adjustable parameter. It then contains all the uncertainties and approximations of the model and, to a certain extent, it is a function of the concentration (Minale et al. 1997 (Minale et al. , 1998 . We will use a 5 * 10 −6 1 * 10 −8 0.8 * 10 −8 50 * 10 −6 2 * 10 −8 1.7 * 10 −8 150 * 10 −6 3 * 10 −8 2.5 * 10 −8 fixed value for each system based on Eq. 5 and use only the predictions of the PM model.
Hysteresis results
To draw the coalescence line to theoretically bound the hysteresis zone, a value for the critical film thickness, h cr , which changes with the radius (see Eq. 5), is required. To choose, sensitivity analysis is performed. The average radii observed in our hysteresis experiments mostly range between 5 * 10 −6 and 150 * 10 −6 m for both blends, which, according to Eq. 5, lead to the h cr values shown in Table 2 . The variations of the average drop radius, predicted by the PM model (Eq. 4) using these h cr values, are small only, see Fig. 3 , which basically allow us to use a constant, concentrationindependent value of h cr for each of the two systems. We choose to use the values corresponding to the average radius of 50 * 10 −6 m to investigate the existence and size of the hysteresis zone.
PB in PDMS
The average radii measured for the 10-wt.% PB in PDMS system, at increasing and decreasing shear rates, Fig. 3 Influence of different radii and the corresponding h cr values (Eq. 5) on the average radii calculated with the PM model (Eq. 4) for the PB/PDMS system (left) and PBD/PDMS system (right) are shown in Fig. 4 (top) and compared to the model predictions for breakup (solid line) and coalescence (dashed line). At the lowest shear rate, the morphology is independent of the flow history applied; the same pseudo steady-state value is found for decreasing and increasing shear rates. We use h cr = 2 * 10 −8 m (Eq. 5), which is larger than the one reported by Tufano et al. (2008b) for the same blend, but in that work, with a concentration of 1%, h cr = 0.36 * 10 −8 m. Increasing h cr values with increasing concentration were also reported in Minale et al. (1997 Minale et al. ( , 1998 and two possible explanations were given: (a) the influence of dust particles Fig. 4 Average radii obtained by using Eq. 1 and relaxation times from weighted relaxation spectra, after shearing for 3,000 (circles) and 10,000 (gray filled circles) strain units for the 10% PB/PDMS system (top) and after shearing for 3,000 (circle) strain units for the 20% PB/PDMS system (bottom). Results obtained while increasing (open symbols) and decreasing (filled symbols) preshear are shown. Triangles are from OM results. The theoretical limiting curves for breakup (solid line, Eq. 2), coalescence using the PM model (dashed line, Eqs. 5 and 4) and confinement effects (thick solid line) are shown present in the blend or (b) the theory behind Eq. 4 is derived for a single pair of drops and not for more concentrated systems, where a coalescence event between two drops influences those in neighboring drops (Janssen 1993) , and collisions between drops are more frequent and last longer than for two isolated drops meeting in a shear flow. However, according to the model behind Eq. 4, the time available for the drainage is proportional toγ −1 , which is fixed for a given flow. By accounting for concentration effects through larger h cr values, the critical film thickness h cr looses its physical meaning. It becomes a fitting parameter only and contains all the uncertainty in the model and the effects of the concentration.
Results in Fig. 4 (top) show that, at shear rates lower than the critical one (the shear rate at which the breakup and coalescence curves cross), the hysteresis zone observed is not according to the theoretical expectations. For a decreasing shear rate, the experimental coalescence results run parallel to the theoretical curve, but the radii are larger. With increasing shear rate, instead of just crossing the hysteresis zone and following the breakup line, the drop radius is decreasing with a seemingly constant slope and the results extend beyond the breakup line. For the PB-PDMS system, it is, unfortunately, not possible to shear the sample at shear rates higher than the critical one due to the occurrence of shear fracture. To check whether the morphology evolution depends on the strain units of shear, the same experiments are repeated, shearing the blend for 10,000 strain units. The results are in good agreement with the data for 3,000 strain units, indicating that, in this case, there is no influence of the shearing time on the average radii. For a second check on the question of whether the deviation from theory is real, the same flow history is applied in OM experiments. While the rheological measurements are conducted with a cone and plate geometry, the OM measurements are performed with a plate-plate configuration. The gap between the plates is set to 400 μm to limit the occurrence of confinement effects (Tufano et al. 2008a ). OM pictures acquired at three different shear rates are shown in Fig. 5 . The average radii (triangles) and the largest drop radius (signed triangles) resulting from the OM experiments are also plotted in Fig. 4 .
The morphology depicted in Fig. 5 shows large droplets among much smaller ones, especially at the lower shear rates; the droplet distribution seems to be bimodal. At higher shear rates, the drop radius distribution becomes more uniform. Since in Fig. 4 the largest drop radii show the same trend as those obtained from rheology (although they are smaller), it follows that the rheological data mostly account for the relaxation times A narrowing of the hysteresis zone is observed, in accordance with Minale et al. (1998) . The data for increasing and decreasing shear rates almost coincide (within experimental error), i.e., the morphology seems to become independent of the flow history. However, similar phenomena as for the 10% PB/PDMS blend are observed; drop radii are found that are above the breakup line and large droplets, which will excessively contribute to the rheology (yielding an overestimation of the average radius), are also found with OM (Fig. 6) . In contrast to a number of published results, we do not find a good agreement between theory and average radius from dynamic measurements. Although our results are somewhat scattered, trends are clear. In an attempt to interpret them, two effects are considered that might help their explanation: (1) for partially immiscible blends, coalescence is drastically increased (Zdravkov et al. 2006) , which leads to large drops after a step-down in shear rate, (2) on the other hand, confinement of flows can cause phenomena like droplet ordering, string formation, etc. (Migler 2001; Pathak et al. 2002; Pathak and Migler 2003; Tufano et al. 2008a; Vananroye et al. 2006 ). Large drops, as observed with OM, easier feel the presence of walls. This influences, in a yet unpredictable manner, the rheological results. For a cone-plate geometry, where the gap varies from zero to maximum at the edge, part of the flow can be confined, e.g., in the area of flow where drops have the same characteristic size as the gap. The size of this confined region depends on both the blend system and the flow conditions. For a given shear rate, for the four blends studied, the degree of confinement C d = 2R/H, with R, the drop radius, and H, the gap spacing between the parallel plates, at which wall effects are present, was measured by Tufano et al. (2008a) for different shear rates applied. A power law relation follows:
(6) Figure 7 shows the measured values of C d for all four blend systems combined with the corresponding fits, using Eq. 6, and the fit parameters C d0 and a in Table 3 . The values of the prefactor C d0 are rather Table 3 close while the values of the exponent increase with viscosity ratio p and with concentration. It is tempting to (try to) create a master curve, but this is outside the scope of this work and more data are needed. For a given drop size, we can deduce the sample volume that is prone to confined flow. For a drop size of 100 μm, as found for the 10% PB/PDMS blend, confinement is expected up to half way the maximum cone radius (i.e., 25% of the sample area is confined or 10% of the torque is affected). Using the half-way gap height and the parameter sets of Table 3 and Eq. 6, we can draw confinement lines R(γ ) in Fig. 4 (and Fig. 8 in the next section for the PBD/PDMS blends). From these considerations, it seems reasonable to expect confinement effects during the dynamic measurements on partially immiscible polymers. Despite that, it is yet impossible to predict what effects will occur since confinement leads to complex, transient phenomena. While the build-up time for confined dominated morphologies typically takes a period in the order of minutes, the stationary state of morphology is often obtained only after a few hours (Migler 2001; Pathak et al. 2002; Pathak and Migler 2003; Tufano et al. 2008a; Vananroye et al. 2006) . Therefore, the transient coalescence process gets Fig. 8 As Fig. 4 , now for 10% (top) and 20% (bottom) PBD in PDMS systems coupled with effects of transient confinement. When confinement occurs, typically a mixture of standard and extended drops, or the opposite small drops, is formed, which causes an increased relaxation time (apparently larger drops) for the first case and a decreased relaxation time (apparently smaller drops) for the second case. During dynamic measurements, part of the structures extend to threads that subsequently breakup, leading to a bimodal distribution of drop size; the standard drops and the new drops from thread breakup. However, the thread-like structures can also survive for long periods of time, depending on the local degree of confinement (Son et al. 2003) . As an example, for the 10% PB/PDMS blend, it is known that partial miscibility is present between the phases that enhances the coalescence process dramatically (Zdravkov et al. 2006) ; larger droplets are formed quicker, strengthening the confinement. (see Fig. 4 , bottom) we expect confinement effects over the whole range of shear rates applied, and indeed, we have to question the reliability of the rheological results in this case. These considerations lead to the conclusions that, especially for the 10% PB/PDMS system, the OM results are in reasonable agreement with theory, considering the breakup line, while the dynamic results are not. Only when rheology and OM results match can confinement effects apparently be neglected, and rheometry could be a useful method to investigate blend morphology.
PBD in PDMS
Similar to the 10 wt.% PB in PDMS system, also for the PBD in PDMS blends, it is not possible to start experiments at shear rates higher than a critical one, due to the occurrence of shear fracture. The range of shear rates investigated is 0.05-10s −1 , see Fig. 8 (top) , where the coalescence line is calculated with h cr = 1.7 * 10 −8 m (the value corresponding to the same average value of R = 50 * 10 −6 m as used for the PB/PDMS system). Also, for this blend, the drops seem to coalesce much easier than predicted by the theory and the average radii are always far above the coalescence model predictions. This again leads to a hysteresis zone narrower than expected from modeling. Both flow histories are repeated with OM. The results quantitatively confirm the data obtained with rheological experiments. Compared to the PB/PDMS results, the confinement line is mostly above the experimental results for the 10% blend; therefore, less influence of confinement is expected, while for the 20% blend, see Fig. 8 , bottom, confinement plays a more pronounced role.
In line with the results for PB/PDMS, where an increase in the dispersed phase concentration narrows the hysteresis region, see also Minale et al. (1997 Minale et al. ( , 1998 , also for the 20% PBD/PDMS system a narrow hysteresis zone is found. For an increasing shear rate, the average radii from OM are lower than the average radii obtained by rheological measurements. However, comparing the radii of the large drops from OM ( Fig. 9) at each shear rate, with the data from rheology, it is concluded that rheology accounts mainly for larger drop radii, again overestimating the average drop radius. When decreasing the shear rate, the average radii measured with OM are found on a line parallel to the coalescence line and are smaller than the ones obtained with rheology.
Coalescence after a step-down in shear rate
Next, we investigate the morphology evolution after a step-down in shear rate in order to find out whether deviations from theory observed in the hysteresis zone are also reflected in the transient coalescence process. The experimental results are compared to theories for sharp interfaces. Experiments start from the same initial shear rate of 8s −1 , shearing for 10,000 strain units. Next, step downs of 1/40, 1/10, and 1/4 are applied, reducing the shear rates to 0.2, 0.8, and 2 s −1 , respectively.
Modeling coalescence Chesters (1991) summarized the theory behind coalescence. Two characteristic times control the coalescence process; the interaction time between colliding drops, t int , and the time needed to drain the matrix film trapped between the colliding drops, t drain . Coalescence does not occur when the t drain is longer than t int . The rate of change of the interfacial area, Q, in the case of monodisperse blends, is given by:
where C(t) is the collision frequency per unit volume, P(t) is the fraction of collisions that leads to coalescence, i.e., the coalescence probability, and S(t) is the variation in the interfacial area associate to a single coalescence event. To find expressions for these terms, we follow Chesters (1991) . First, it is assumed that droplets move affine with the macroscopic flow, yielding a collision frequency per unit volume expressed as (Von Smoluchowski 1917):
whereγ is the shear rate, D(t) is the drop diameter, and n(t) is the number of drops per unit volume. In Eq. 8, hydrodynamic interactions have been neglected; hence, it applies only to relatively dilute blends. The coalescence probability is given by:
where t int is assumed proportional toγ −1 . Using an approximation for t drain in the case of a partially mobile interface leads to [for more details on deriving this expression, see Janssen (1993) ]:
(10) Fig. 10 Influence of different radii, and the corresponding h cr values (Eq. 5) on the transient average radii calculated with the PM model (Eq. 4) after step-down in shear rate of 1/40 (solid line), 1/10 (dashed line), and 1/4 (dash-dotted line) for the PB/PDMS system (top) and PBD/PDMS system (bottom) for concentrations of 10 wt.% (left) and 20 wt.% (right). Symbols indicate the radius used to calculate h cr (Eq. 5), the corresponding values are reported in Table 2 Fig. 11 Storage modulus G (top figures) and weighted relaxation spectra (bottom figures) after a step down of 1/40 at different strains. For convenience, the data have been split in two plots (strain 2 to 200 on the left, 500 to 40,000 on the right), and in both cases, the curves are shifted upwards with increasing strain units Substituting Eqs. 8 and 10 in Eq. 7 and expressing Q(t), S(t), and n(t) as functions of the volume fraction φ of the dispersed phase results in a differential equation for the time evolution of the average droplet diameter:
where m is defined as:
To obtain the change in drop diameter as function of the shearing time, Eq. 11 is integrated:
where
Equation 13 is used to predict the time evolution of the radii, the only unknown is h cr .
Coalescence results
The h cr values used to calculate the predictions of the PM model are chosen based on a sensitivity analysis; see Fig. 10 . In the range of the average experimental radii values (see next sections), the theoretical radius predicted with the PM model is not very sensitive to changes in the value of h cr , except for the largest stepdown in shear rate, see Fig. 10 . However, we will use again the h cr values corresponding to R = 50 * 10 −6 m as a first approximation. Figure 11 shows the results of the dynamic measurements for different strains, for a step down in the shear rate of 1/40. The slope of G vs ω never reaches the terminal zone, i.e., becoming equal to 2, and therefore, these results should be treated with caution. The resulting relaxation spectra are shown in Fig. 11 (bottom) for a limited frequency range of 1-100 rad/s. A second peak occurs for different strain levels. The average radii calculated from the first peak are shown in Fig. 12 (top), with the average radii corresponding to the second peaks and for all the step-downs, summarized in Table 4 . The largest average radius is, as expected, found for the largest step-down in shear rate, and for all three experiments, the data show a pronounced scattering. The lines shown in Fig. 12 represent the average radius calculated with Eq. 13 and h cr = 2 * 10 −8 m for the three step-downs of 1/40, 1/10, and 1/4, respectively. Table 4 Average radius <R> calculated with relaxation times from the first and second peak in the relaxation spectra, for the 10% PB in PDMS system, at step-down of 1/40, 1.10, and 1.4
PB in PDMS
Step-down The values of < R > corresponding to the second peak compare reasonably well with the size of the larger droplets obtained from OM measurements for the same blend; see Fig. 4 . These coalescence results also indicate the existence of a bimodal drop radius distribution. OM is carried out for the step down 1/4, showing a smoother trend of the average radii in time compared to the rheological results, see Fig. 12 (top), and at strain units above 5,000, few larger drops with radii in the order of <R 2 nd peak > are found in the majority of smaller droplets. Figure 13 shows the elastic modulus vs the frequency (left) and the weighted relaxation spectra (right) for the 20% PB/PDMS system. For this blend, the terminal zone is reached, even at the lowest strain units.
In Fig. 12 (bottom) , the average radii for the three different step downs are compared with PM model predictions. In the first 1,000 s, the average radii seem to grow almost independently of the step down size. At longer times, the radii obtained with the larger stepdown in shear rate (1/40 and 1/10) increase sharply, while for the step-down of 1/4, the growth of the average radius slows down with increasing shearing time. The steep increase in drop radius is consistent with the hysteresis results, i.e., the large average drop sizes compared to theoretical curves. The average radius seems to approach a constant value that is in good agreement with the average radius predicted atγ = 2 s −1 by the coalescence models.
PBD in PDMS
Also for the storage moduli measured after step downs of 1/40, 1/10, and 1/4 for the 10 wt.% PBD in PDMS blend, the terminal zone is never reached and a second peak occurs for all the strains (data not shown here). Different from the 10% PB/PDMS system, the second peak occurs at relatively long periods of time, corresponding to large radii, which are unrealistic when compared to the gap height of the cone-plate geometry. The average radii calculated from the first peak in relaxation spectrum are shown in Fig. 14 (top) . For the step-down of 1/10, the average radii at large strains increase quickly. The average radii obtained from OM when applying a step-down of 1/4 are also shown in Fig. 14 (top) (filled triangle) and are in reasonable agreement with the rheological results.
For the 20-wt.% PBD in PDMS, the elastic modulus reaches the terminal zone for all three steps down. The relaxation spectra always show one peak only. Figure 14 (bottom) shows the calculated average radii. Radii grow in the first 1,000 s independently of the stepdown procedure. At longer times, the average radii increase steeply for step downs of 1/40 and 1/10 while they approach a "plateau" value for a step down of 1/4. As shown already when investigating the hysteresis zone, the average radii are larger than the coalescence theory predictions.
Conclusions
We investigated the morphology development in two blends of partially immiscible polymers at two different concentrations by using rheological dynamic measurements and OM. The difference between the two blends is the miscibility of the components. The results are compared with predictions of relatively simple models for coalescence and breakup of droplets. The experimental results are rather scattered, but it can still be concluded that, for most of the cases investigated, the trends observed do not match the theoretical results. A typical feature of immiscible blends, predicted by the models and often observed in literature, is the occurrence of a hysteresis zone where the average drop size of the dispersed phase does not change with varying shear rate. This hysteresis zone is bounded between the coalescence line and the breakup line in a plot of the average radius vs shear rate. In contrast with existing literature, where the critical film thickness, h cr , is used as a fitting parameter, we calculate h cr from theory to predict the coalescence lines for all concentrations in a given blend. Deviations from theory, and differences between blends, become more evident in this way. For both blends studied, the experimental hysteresis zone is always narrower than predicted by breakup and coalescence theories. This is in accordance with the results of Minale et al. (1998) , who measured the narrowing in hysteresis zone with increasing concentration in immiscible polymer pairs. In our experiments, the narrowing is pronounced in the (less miscible) PBD/PDMS system, while in the (partially immiscible) PB/PDMS system, the situation is less clear since the experimental data points are also found outside the hysteresis zone, especially going beyond the breakup lines. Deviations from theory can be due to the partial miscibility of the components or to confinement effects in the coneplate configuration used. Confinement yields different structures, like ordered droplet, strings, threads, etc. Their stability depends on the degree of confinement (Son et al. 2003) . After stopping the flow, and before applying oscillatory shear to determine the average drop radius, retraction of extended structures can occur or breakup of threads. In all cases, the resulting drop radii are larger than those present without confinement. Quantification clearly requires more study.
The problem of dealing with our polymer systems is that partial immiscibility itself can enhance the confinement effects mentioned. In order to illustrate this, coalescence is followed in time. Immiscible systems follow the predictions of coalescence of partially mobile systems with average radii approaching a limiting value, see Vinckier et al. (1996) . In our partially immiscible systems, we observe at longer process times a rather steep and-in the experimental time scale of 10 5 s-an unbounded increase in average drop radius. The growth in structure far beyond its limiting value is enhanced by increasing the concentration (from 10% to 20%) and increasing the step-down in shear rate (from 1/4 to 1/40). However, it is, maybe somewhat more surprisingly, present in both systems investigated, PBD/PDMS and PB/PDMS. Partial immiscibility results in enhanced dynamic coalescence, yielding larger drops that feel confinement earlier in time. Confinement effects could explain the quasi-unlimited growth in drop size measured after stopping the flow. Confinement effects, and the critical shear rate at which they occur, strongly depend on the viscosity of the components and the viscosity ratio. This could explain the unexpected differences found between the less miscible (PBD/PDMS) and the partially immiscible (PB/PDMS) systems. Clearly, to interpret data on morphology development in partially immiscible polymers from dynamic rheological measurements, applying a cone-plate geometry, should be used with caution. More quantitative studies, e.g. using combined rheological and optical experiments or applying, e.g., advanced diffuse interface modeling, that can deal with concentrated two-phase flows, should conclude whether the rheological experimental technique used could be a reliable one to approach this problem or whether it should be abandoned.
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